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Tip-sample interactions in atomic
force microscopy: I. Modulating
adhesion between silicon nitride
and glass
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Abstract. An adhesive interaction between a silicon nitride AFM tip and glass
substrate in water is described. This adhesion is in the range 5-40 nN, of which a
large component is likely to be due to hydrogen bonding between the silanol
groups on both surfaces. The interaction can be modulated by a variety of buffers
commonly used in biochemical and biological research, including sodium
phosphate, tris(hydroxymethyl)aminomethane, glycine, and N-2-hydroxyethyt-
piperazine N'-2-ethanesulfonic acid. Using these buffers it appears that there are
effects of ion concentration, ion type, and pH on the measured adhesion. Of the
conditions examined, phosphate was most effective at reducing adhesion and
could be used at concentrations as low as 10mM at neutral pH. The results
demonstrate that the chemical interactions between tip and sample can be
modulated, and provide a basis for designing conditions for imaging and
manipulating biological molecules and structures.

1. Introduction advanced toward the tip until it makes contact. After

moving some distance in contact, the stage is retracted

The atomic force microscope (A.m) is a new tool for high until the tip leaves the surface. Data from the scan is
resolution imaging of surfaces (Binnig et al 1986). We displayed as a graph of cantilever deflection versus
have for sometime been interested in applying this new sample position. Since cantilever deflection is propor-
technology to the imaging of biological macromolecules, tional to force applied, this is often referred to as a force
cellular organelles and whole cells. Initial efforts have versus distance curve and will here be called simply the
been very encouraging (Drake et al 1989, Gould et al force curve. It should be noted that these curves are very
1990, Butt et al 1990, 1991, Hoh et al 1991), however, the different from force versus distance curves obtained from
nature of the interaction between tip and sample remains other instruments, such as the surface force apparatus,
poorly understood. We have begun a series of experi- that display interaction forces versus separation distance.
ments to evaluate tip-sample interactions and how they Force curves are extremely sensitive to interactions
can be modulated. In the present paper we describe the between the tip and sample and have been used to
modulation of interactions between a silicon nitride tip measure forces between several different surfaces
and a glass surface, often used as a substrate for biolog- (Weisenhom et al 1989, Burnham and Colton 1989,
ical material, in an aqueous environment. Weisenhorn et at 1991, Ducker at a! 1991), Here we have

In normal imaging mode, the Am scans the tip or used the force mode of operation to examine adhesive tip
sample in the x and y directions while monitoring sample interactions in aqueous solutions.
topography. The commercial Ami we have used is also
equipped with a force mode of operation, in which the x-
and y-scan directions are disabled and the sample is
scanned only in z. When operating in this mode, the 2. Experimental details
sample starts out away from the cantilever tip and is

A NanoScope II scanning probe microscope (Digital

PfeentI addr: epartent of Physic University of Califormia, Instruments, Santa Barbara, CA, USA) with an AFH stage

San Barbars, CA 93117, USA and glass fluid cell were used. Cantilevers were standard
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silicon nitride V shaped (Digital Instruments), with 21 nm
spring constants of 0.2Nm-L (Albrecht et al 1990). 3 i-
Circular (12 mm diameter) glass cover slips were ob-
tained from Fisher Scientific (Pittsburgh, PA, USA), and
chemicals were obtained from Fisher Scientific or Sigma
Chemical Company (St. Louis, MI, USA).

Solutions were all prepared from Milli-Q (Waters
Millipore, Bedford, MA, USA) purified water (> 10 Mfl).
The pH of different solutions were adjusted with aqueous (a)

HCI or NaOH. Phosphate buffered saline (PBs) was 45 nm
137mMNaCI, 2.7mMKCI, 1.5mMKH 2 PO 4, and SnN
4.3mM Na2 HPO, at pH 7.2. Glass cover slips were

mounted on stainless steel stubs with epoxy, etched
briefly with dilute HF to expose a clean surface, and
rinsed for several minutes in water. Cover slips prepared . ..
this way were usually used the same day they were
prepared. (b)

In a typical experimental series, a tip was brought
into contact with a glass cover slip in water, and the Figure 1. Force curves for a silicon nitride tip on glass.
scanning of the stage was initiated. We routinely used a (a) At low pH (5) a large adhesive force was observed.

Only the trace for the stage retracting is shown and the
scan range of 200-400 nm, at 25 Hz. The system was bottom of the curve is off scale. (b) At high pH (> 9) the
allowed to stabilize for 5-10 minutes and the adhesive interaction between the surfaces was highly repulsive. No
force was determined by measuring the distance the adhesion is seen.
cantilever moved past zero deflection when the sample
was withdrawn from contact, as described previously fact that the forces observed are larger than would be

(Weisenhorn et al 1989, 1991). The solution in the cell expected for van der Waals interactions (Weisenhom et

was then changed by flushing with = 10ml of the test al 1989, 1991). The chemistry of silicon nitride is complex,

solution at approximately 2 ml s -'. This was allowed to though it is known that chemical vapor deposited silicon
equilibrate for several minutes and the adhesive force was nitride, the material the AFm tips are made of, has roughly
determined as before. The cell was then flushed with 5 hydroxyl groups (silanols) per nm2 (Harme et al 1987,
water again and the original interaction was restored Bousse and Mostarshed 1991), similar to most glasses.

before a second measurement was taken. Further the hydroxyl groups on the two surfaces have

pKas for the dissociation of SiOH to SiO- of about 6-7
(Harme et al 1987, Doremus 1973). However, it should be

3. Results and discussion noted that as the two surfaces are brought together the
pK~s of the hydroxyl groups will rise making it impossi-

In pure water the tip exhibited a strong adhesion with the ble to determine the exact protonation states. The chem-

glass of 5-40 nN, with a great deal of variability between ical nature of the two surfaces, i.e. the high density of

experiments (figure 1(a)). The source of this variability is hydroxyl groups, the magnitude of the adhesive force and
not fully understood, though changes in contact area
because of differences in tip geometries and variations in
the surface provide the most likely explanation. Consist- 12

ent with this suggestion, it was observed that the adhesive 10 . wear

force in water would often increase gradually during long 0

experiments (3-10h), suggesting that the tip was becom- . +•
ing duller and the contact area with the surface increased. •
This presents the possibility of using adhesive inter- 6.
actions with well-characterized surfaces for determining 0 -
tip sharpness, a problem that has not been amenable to 4. +

standard microscopies. It is also possible that the gradual t
increase resulted from solvation of either of the surfaces. 2

The tip-glass adhesion was highly sensitive to pH I__

and reduced below the limits of detection (roughly 4 s 10 12

10-ION in these experiments) at pH greater than ,9
(Figure 1(b), figure 2). At high pH the force curve was
highly repulsive approaching and withdrawing, indicat- Figure 2. Titration of adhesive force between a silicon

nitride tip and a glam surface in water. Because of the
ing that both surfaces had become strongly charged and variability between experiments, usually 5-40 nN at low
the presence of a substantial double-layer force. pH, the force values were all reealed so the force at the

A mechanism for this adhesion must be a function of lowest pH in a given experiment was 10. Different

the two surfaces interacting and take into account the symbols represent separate experiments.
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Tip-sample interactions in AFM: I
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Figure 3. Schematic of the two predominant types of 0 2 4 6 a 10 12

hydrogen bonds likely to form between an oxidized silicon PH

nitride surface, and glass. (a) At low pH most hydroxyl (b)_20

groups are protonated resulting in little electrostatic ove (b
repulsion, and a large number of bonds. (b) At pHs over 0 p s•P.2.mt .
9, most of the hydroxyl groups are not protonated, even . 00
allowing for a shift upward of the hydroxyl group pK.s as
the surfaces are brought together, resulting in electrostatic
repulsion between the surfaces and very few bonds. - 10

However, these bonds are of the 'strong' type, as opposed 001,
to the weak type in (a) (Jefferey and Saenger 1991).

a a

the sensitivity of the adhesion to pH suggest that a 0 ., __-"___=_-___=

significant fraction of the adhesion observed between the 1 10 100 1000

silicon nitride tip and glass may be due to hydrogen Cam1 (emn

bonding (figure 3). Consistent with the hydrogen bonding Figure 4. (a) Titration of adhesion between a silicon

hypothesis, we have recently resolved discrete steps in the nitride tip and glass as a function of the pH of 10 mM
adhesive interaction described here (unpublished sodium phosphate. (b) Effect of sodium phosphate
observation), concentration at pH 7.2 on adhesion. Values were

A common biological buffer system, Pes, also reduced rescaled as in figure 2 and different symbols represent

adhesion below detection limits, but at near neutral pH separate experiments.

(7.2). Each component of this buffer was tested individu-
ally for its effect on adhesion. Sodium or potassium ions damage the sample, particularly in the case of biological

in combination with chloride ions did slightly reduce the materials that are often soft. The main approach to this

measured adhesion, but concentrations up to 1 M did not has been to minimize the force applied to the sample by

eliminate adhesion at low pH. Titration of 10mM using cantilevers with smaller spring constants or by

sodium phosphate revealed that it alone eliminated imaging in liquids. However, as described here, actual

adhesion near neutral pH (figure 4(a)), suggesting that bond formation or other strong interactions between the

phosphate was primarily responsible for reduction of tip and sample may occur in some circumstances. This

adhesion with pu. This effect was also concentration will have the effect of pulling on the sample, until the

dependent, and concentrations lower than 10mM were bonds break or the sample is dislodged from the sub-

not effective at pH 7.2 (figure 4(b)). The effect of 100mM strate, as the tip moves across the surface. p2s appears to

sulfate, another multivalent anion, was also examined up substantially reduce adhesion between silicon nitride and

to pH 6, where it is essentially completely dissociated, but glass, and also between silicon nitride and at least one

no significant change in adhesion was observed. These type of biological membrane (isolated gap junctions,

results suggest that in addition to pH, there is also a unpublished observation). pus also contains a high con-

specific effect for phosphate ions and a concentration centration of NaCl which will have the effect of screening

effect. The mechanism by which sodium phosphate acts is out most electrostatic interactions. Therefore ps is a

not understood, however in principle it could modify good medium for imaging biological material. If a low

properties of the medium or bind directly to either of the salt environment is needed, 10-20mM sodium phos-

surfaces. phate at pH 7.2 would work well, and if phosphate is

Several other buffers including tris(hydroxymethyl) undesirable, as is often the case, either Tris, Hepes or

aminomethane (Tris), glycine, and N-2-hydroxyethyl- glycind are effective at different pHs, at 100mM.

piperazine N'-2-ethanesulfonic acid (Hepes) were also The Am has also been used to manipulate structures

examined. None of these was as effective as phosphate in such as Langmuir-Blodgett films (Hansma et al 1991),

reducing adhesion at low concentration. However at gap junctions (Hoh et al 1991), and DNA (Hansma 1991

100mM, they all had an effect. Hepes eliminated adhe- private communication), For this application it may be

sion at neutral pH, while glycine was effective near pH 8, important to vary interactions with the sample. The

as was Tris (figure 5). results described here suggest that this may be accom-

When the Am is used for imaging in contact mode, it plished dynamically by changing the fluids in the cell. It

is important to reduce interactions that distort or may for example be possible to increase interactions, use
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(a) 20 with the tip and deposit it on a surface by modulating f
F0 100MU EPIS interactions.

S1 O4. Conclusion
0Here 

we have described experimental evidence for an
J adhesion based on the formation of hydrogen bonds

0 0 between silicon nitride and glass, that can be modulated
by pH, specific ions, and concentration. These observa-

0 tions have practical implications for designing conditions
4 6 8 ¶0 12

P to image and manipulate structures with the AFM.

(M) 20
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